The clustered protocadherins (Pcdhs) comprise Ͼ50 putative synaptic recognition molecules that are related to classical cadherins and highly expressed in the nervous system. Pcdhs are organized into three gene clusters (␣, ␤, and ␥). Within the ␣ and ␥ clusters, three exons encode the cytoplasmic domain for each Pcdh, making these domains identical within a cluster. Using an antibody to the Pcdh-␥ constant cytoplasmic domain, we find that all interneurons in cultured hippocampal neurons express high levels of Pcdh-␥s in a nonsynaptic distribution. In contrast, only 48% of pyramidal-like cells expressed appreciable levels of these molecules. In these cells, Pcdh-␥s were associated with a subset of excitatory synapses in which they may mediate presynaptic to postsynaptic recognition in concert with classical cadherins. Immunogold localization in hippocampal tissue showed Pcdh-␥s at some synapses, in nonsynaptic plasma membranes, and in axonal and dendritic tubulovesicular structures, indicating that they may be exchanged among synapses and intracellular compartments. Our results show that although Pcdh-␥s can be synaptic molecules, synapses form lacking Pcdh-␥s. Thus, Pcdh-␥s and their relatives may be late additions to the classical cadherin-based synaptic adhesive scaffold; their presence in intracellular compartments suggests a role in modifying synaptic physiology or stability.
Introduction
Recognition/adhesion molecules, including classical cadherins, neurexins/neuroligins, nectins, and Eph receptor tyrosine kinases are concentrated at CNS synapses (Cantallops and Cline, 2000) . Each can be envisioned as a "bridge" across the synaptic cleft pairing recognition events to anchorage of submembranous synaptic components. The classical cadherins are also thought to contribute to the formation of subtypes of synaptic connections via their homophilic binding capacity (Fannon and Colman, 1996) . Thus, the composition of the trans-synaptic scaffold probably differs at individual synapses which may confer upon each synapse a unique physiology.
The protocadherins (Pcdhs), related to classical cadherins, are putative trans-synaptic recognition molecules (Kohmura et al., 1998; Wu and Maniatis, 1999) . Genes for Pcdhs are organized into clusters (termed ␣, ␤, and ␥) with 14 -22 Pcdh genes per cluster (Wu and Maniatis, 1999; Wu et al., 2001) . Only the ␣ and ␥ clusters have been characterized definitively. Within these clusters, common exons encode the cytoplasmic domain for each Pcdh, making the cytoplasmic domains of Pcdhs within a cluster identical. The variable and constant exons combine by cissplicing of mRNA generated from promoters upstream from each Pcdh gene (Tasic et al., 2002; Wang et al., 2002a) . Thus, a diversity of molecules are produced, presumably with different specificity, that can bind to the same submembranous elements at the synapse. Consistent with a role in neural recognition, neurons of the same type and cellular layer express different repertoires of Pcdh-␥s (Wang et al., 2002b; M. Frank and D. R. Colman, unpublished observations) .
Pcdh extracellular domains exhibit characteristics of calciumdependent adhesion molecules (Obata et al., 1995; Kohmura et al., 1998; Wu and Maniatis, 1999) , but their cytoplasmic domains bear no similarity to those of classical cadherins. Classical cadherins form an intracellular complex with the catenins that links cadherins to the actin cytoskeleton (Aberle et al., 1996) and to other synaptic proteins (Nishimura et al., 2002) . Blockade of the interaction between the cadherin cytoplasmic domain and catenins disrupts the formation and alignment of presynaptic and postsynaptic components in cultured hippocampal neurons (Togashi et al., 2002) . Thus, although it is possible that the Pcdhs are adhesive molecules (Obata et al., 1995) , the Pcdh-␣ and -␥ constant cytoplasmic domains must connect to different submembranous components, suggesting a role distinct from that of the classical cadherins.
We asked whether Pcdh-␥s exhibit properties consistent with a role in adhesion/recognition during synaptogenesis. Pcdh-␥s were expressed in a subset of neurons in culture, interneuronal cells and some pyramidal-like neurons, whereas many pyramidal-like neurons forming excitatory synapses did not express appreciable levels of these molecules. In the subset of Pcdh-␥-positive pyramidal-like cells, Pcdh-␥s were found at certain excitatory synapses. Immunoelectron microscopy showed Pcdh-␥s in the presynaptic and postsynaptic membranes of some synapses and nonsynaptic membranes, as well as within intracellular tubulovesicular organelles. Our results show that Pcdh-␥s are likely to mediate trans-synaptic interactions but are not required for initial events in synaptogenesis as are classical cadherins. We suggest a model in which Pcdhs modify existing synaptic adhesive scaffolds only at synapses formed between two neurons that express the same Pcdh.
Materials and Methods
Antibodies. Antibodies to the constant cytoplasmic domain of the Pcdh-␥s were produced by immunizing rabbits with a fusion protein consisting of the entire Pcdh-␥ constant cytoplasmic domain fused to glutathione S-transferase (GST-Pcdh-␥-cyto). For affinity purification, residues 1-35 of the constant cytoplasmic domain were produced as a separate GST fusion protein, cleaved from the GST moiety using thrombin, and purified by gel filtration. This smaller fragment of the Pcdh-␥ cytoplasmic domain was then coupled to cyanogen bromide-activated Sepharose (Pharmacia), and the resulting matrix was used to affinity purify antibodies from immunoreactive sera.
Monoclonal antibodies to postsynaptic density-95 (PSD-95) were obtained from Upstate Biotechology. A monoclonal antibody to GAD (GAD-65) that recognizes the 65 kDa form of GAD was obtained from Developmental Studies Hybridoma Bank. Monoclonal antibodies to N-cadherin and dynamin were obtained from BD Transduction Labs. Monoclonal antibodies to N-CAM and the kinesin heavy chain were from Chemicon.
Hippocampal neuron cultures. Hippocampal neurons were dissected from embryonic day 18 hippocampi, dissociated, and plated as described . For analysis of Pcdh-␥ expression in immature neurons, cultures were fixed after 4 d in vitro (DIV) and processed for immunocytochemistry. For analysis of Pcdh-␥ expression in mature neurons, cultures were fixed after 30 d in culture and processed.
Immunocytochemistry and immunogold electron microscopy. Cultures were stained with Pcdh-␥ antibodies alone or double labeled with monoclonal antibodies to PSD-95, GAD, or N-cadherin as described . Briefly, cultures were fixed with 4% paraformaldehyde in PBS for 15 min. Cultures stained with the N-cadherin monoclonal antibody were fixed with methanol at Ϫ20°C. Both methanol and paraformaldehyde fixation gave similar results with anti-Pcdh-␥-cyto. The fixed cells were washed in PBS and then permeabilized and blocked in 5% normal goat serum, 0.1% Triton X-100 in PBS for 60 min at room temperature. Cultures were stained overnight in blocking buffer plus the indicated antibodies at 4°C. After they were washed in PBS, secondary antibodies were applied in blocking buffer for 1 hr at room temperature after which time the cultures were washed and mounted for confocal microscopy. Immunogold electron microscopy was performed as described (van Lookeren Campagne et al., 1991; Bozdagi et al., 2000) .
To quantitate the number of Pcdh-␥-positive neurons in the cultures, seven 1.1-mm-diameter microscopic fields in a representative Pcdh-␥/ GAD double-label staining experiment were examined, and the number of Pcdh-␥-positive/GAD-positive, Pcdh-␥-positive/GAD-negative, and Pcdh-␥-negative/GAD-negative neurons was determined. Results were expressed as the percentage of total cells, interneurons, and noninterneurons positive for Pcdh-␥s. The extent of synaptic colocalization of the Pcdh-␥s with PSD-95 was quantified in 30 DIV hippocampal cultures. To clearly visualize synaptic puncta, the red and green channels within the merged images were individually subjected to the threshold function in Adobe Photoshop, which was set to the default value of 128 (see Fig. 4 ). The numbers of puncta within each channel were counted within a 30 m section of proximal dendrite in which the origin at the cell body was clearly identifiable. PSD-95-labeled synaptic sites were deemed Pcdh-␥ positive if the two channels overlapped by Ͼ10% of the PSD-95-labeled area. The number of Pcdh-␥-positive synaptic sites was counted for two to five dendrites for each cell, and an average number Ϯ SD was obtained for all 30 m dendritic segments counted within each condition.
Immunoblots and subcellular fractions. Subcellular membrane fractions were prepared as described (Huttner et al., 1983) . Triton-extracted subsynaptic fractions were prepared as described (Phillips et al., 2001) . Briefly, the synaptic membrane fraction (LP1) (Huttner et al., 1983) was resuspended in water, and an equal volume of 40 mM Tris, pH 6, 1% Triton X-100 was added. Membranes were extracted on ice for 20 min and centrifuged at 15,000 ϫ g for 20 min. The supernatant was reserved, and the pellet was resuspended in water. A small aliquot of the pellet was In untransfected cells, a diffuse set of bands are observed at ϳ120 -140 kDa, which is the predicted molecular weight of the Pcdh-␥s. In Pcdh-␥A3-GFPtransfected cells, an additional band of ϳ160 kDa (arrowhead), which is the predicted molecular weight of the GFP fusion product, was observed. C, Detection of Pcdh-␥s in synaptic membranes. The 120 -140 kDa Pcdh-␥ bands were detected in synaptic membranes. Minor species (ϳ85 kDa) were also observed. D, Hippocampal cells were plated and cultured for 4 d, fixed, and stained with anti-Pcdh-␥-cyto. At this stage, all cells expressed Pcdh-␥s strongly in a punctate distribution. Pcdh-␥s were not strongly expressed in growth cones (arrowheads).
taken as the synaptic junctional fraction. To the remainder of the pellet, an equal volume of 20 mM Tris, pH 8, 1% Triton X-100 was added. The junctions were extracted on ice for 20 min and centrifuged at 15,000 ϫ g for 20 min. The supernatant (fraction enriched in presynaptic material) and pellet (postsynaptic densities) were recovered. All fractions were brought to 5% SDS by adding 0.25 volume of 20% SDS. Protein determination was performed by the BCA method (Pierce). Five micrograms of each fraction were electrophoresed, transferred to nitrocellulose, and probed with the indicated antibodies. Specific bands were visualized using an alkaline phosphatase secondary antibody and color reaction. Pcdh-␥-A3 cDNA cloning and transfection. The cDNA for mouse Pcdh-␥-A3 (see Fig. 1 ) was obtained by RT-PCR on the basis of published sequences (Wu et al., 2001 ) and sequences of the 5Ј ends of all Pcdh-␥-As obtained by PCR on a mouse brain library template (Clontech). The amplified Pcdh-␥-A3 cDNA was cloned in frame into pEGFP-N1, yielding a green fluorescent protein (GFP) fusion construct. The integrity of the construct was verified by sequencing. This plasmid was transfected into neuro-2A cells using Superfect (Qiagen) according to recommended protocols. Permanently transfected cell lines were obtained by subcloning and subsequent selection for GFP fluorescence and expanded. Transfected and untransfected cells were lysed in 10% SDS, and the lysate was electrophoresed, transferred to nitrocellulose, and probed with affinity-purified anti-Pcdh-␥-cyto.
Results
The family of Pcdh-␥ adhesion molecules is produced by the cis-splicing of RNA from variable region exons, each encoding a different extracellular domain, to common exons located 3Ј to the variable exons (Tasic et al., 2002; Wang et al., 2002a) . The three common exons together code for a common cytoplasmic domain (Wu and Maniatis, 1999; Wu et al., 2001) , making the cytoplasmic domains of all 22 Pcdh-␥s identical ( Fig. 1 A) . To investigate the distribution of Pcdh-␥s in the CNS, we produced affinity-purified antibodies to the constant cytoplasmic domain of Pcdh-␥s from mouse (anti-Pcdh-␥-cyto). We tested the antibodies for specificity against lysates from neuro-2A cells transfected with mouse Pcdh-␥-A3 fused to GFP (Pcdh-␥-A3-GFP). In untransfected cells, anti-Pcdh-␥-cyto recognized a diffuse set of bands of ϳ120 -140 kDa (Fig. 1 B) . The molecular weight of these bands is in agreement with the predicted molecular weight of Pcdh-␥s on the basis of their amino acid sequence (Wu and Maniatis, 1999) . The finding that neuro-2a cells express endogenous Pcdh-␥s is in agreement with recent reports (Tasic et al., 2002) . When neuro-2A cells were transfected with Pcdh-␥-A3-GFP, an additional band of ϳ160 kDa was observed, which is, as expected, the predicted molecular weight of the fusion product ( Fig. 1 B, arrowhead) . Anti-Pcdh-␥-cyto recognized a diffuse set of bands at ϳ120 -140 kDa in immunoblots of rat brain synaptosomal membranes (Fig. 1C) . We also observed minor ϳ85 kDa components that reacted with anti-Pcdh-␥s-cyto in synaptosome fractions (Fig. 1C ) that are likely proteolytic products of fulllength Pcdh-␥s.
Expression of Pcdh-␥s in cultured hippocampal neurons is heterogeneous
We evaluated the distribution of Pcdh-␥s in CNS by immunostaining cultured hippocampal neurons. Cultures of hippocampal neurons prepared from embryonic day 18 rat hippocampi were fixed at various time points and stained with anti-Pcdh-␥-cyto alone or double labeled with antibodies specific for excitatory synapses (anti-PSD-95) (Cho et al., 1992) , inhibitory neurons and their axon terminals (GAD) (Benson et al., 1994) , or other synaptic adhesion molecules (N-cadherin) .
At 4 DIV, hippocampal neurons did not yet exhibit synapses, but these neurons displayed prominent neurites and growth cones. At this stage, 100% of the cells in the culture stained equally well for Pcdh-␥s (Fig. 1 D) . The majority of immunoreactivity in these cells was punctate (Fig. 1 D) . Growth cones, which express high levels of some adhesion molecules such as N-cadherin (Benson and Tanaka, 1998) and L1 (Kamiguchi and Lemmon, 2000) , expressed relatively low levels of Pcdh-␥s ( Fig.  1 D, arrowheads) , suggesting that Pcdh-␥s probably do not play an important role in neurite guidance and extension during neural development.
In contrast to the uniform expression of Pcdh-␥s in neurons cultured for 4 DIV, in neurons cultured for 30 DIV, which display mature synaptic connections, Pcdh-␥s exhibited a heterogeneous and PSD-95 (D, arrow) do not colocalize, indicating that Pcdh-␥ is not synaptic in these cells. E, F, Strong Pcdh-␥ expressors synthesize inhibitory neurotransmitters. Mature cultures were double labeled with anti-Pcdh-␥-cyto and GAD. Cells that expressed strong intracellular staining for Pcdh-␥s also exhibited strong staining for GAD in their cell body (arrowhead). In contrast, cells that did not express Pcdh-␥s also did not express GAD in their cell body (arrow). Overlay of the Pcdh-␥/GAD double-label reaction (F, inset) shows that Pcdh-␥s are not expressed within inhibitory synapses on these cells. G, H, Mature cultures were double labeled with anti-Pcdh-␥-cyto and GAD. Purified Pcdh-␥ cytoplasmic domain was added to the staining reaction in H and I. Pcdh-␥ completely blocked the immunoreaction in interneurons of Pcdh-␥ ( H ) but did not affect that of GAD ( I ). The field in H and I is the same. Scale bar: (in I ) A-C, E-I, 50 m; D, 10 m. expression pattern (Fig. 2) . Expression of Pcdh-␥s was observed in an average of 55% of the cells (Fig. 2 A, arrow) , whereas many cells were unlabeled (Fig. 2 A, arrowhead) . Double labeling with PSD-95 antibodies (Fig. 2 B) identified the postsynaptic specializations of excitatory synaptic connections and showed that many of the cells that expressed the highest levels of Pcdh-␥s exhibited smooth, nonspinous, dendritic surfaces, suggestive of interneurons ( Fig. 2 B, arrow) , whereas the cells that expressed relatively low levels of Pcdh-␥s invariably exhibited dendritic spines (Fig. 2 B, arrowhead) . When the two images were merged (Fig. 2C,D) , it was revealed that the staining for Pcdh-␥s (Fig. 2 D, arrowhead) did not localize to PSD-95 excitatory synaptic sites on inhibitory neurons.
To conclusively determine whether high levels of Pcdh-␥s are expressed in interneurons, we double labeled cultured neurons with anti-Pcdh-␥-cyto and anti-GAD. The strongest intracellular labeling for GAD is found within the cell bodies of inhibitory interneurons, but labeling also concentrates within inhibitory presynaptic boutons (Benson et al., 1994; Craig et al., 1994) by virtue of the palmitoylation-based trafficking of the enzyme (Kanaani et al., 2002) . Thus, GAD labeling is a reliable marker for GABAergic interneurons and their terminals.
We found that 100% of the cells that expressed GAD within their cell bodies (Fig. 2 F, arrowhead) also expressed Pcdh-␥s (Fig. 2 E, arrowhead) . In contrast, cells that were lightly labeled for Pcdh-␥s (Fig. 2 E, arrow) all lacked GAD in their cell body (Fig. 2 F, arrow) . Merging of the images in Figure 2 , E and F, revealed that Pcdh-␥s did not localize to inhibitory, GAD-positive synapses on interneurons (F, inset).
We bacterially expressed and purified the constant cytoplasmic domain of Pcdh-␥s and added it to the anti-Pcdh-␥-cyto/GAD double-label reaction. In the presence of this polypeptide, the Pcdh-␥ interneuronal staining (Fig. 2G ) was abolished completely (Fig. 2 H) , whereas the staining for GAD was unaffected (Fig. 2 I) .
Pcdh-␥s are expressed at a subset of excitatory synapses Although many spiny, excitatory cells in mature cultures did not express appreciable amounts of Pcdh-␥s, 48% of these cells did stain positively for Pcdh-␥s (Fig. 3) . In a few cells, expression of Pcdh-␥s was completely nonsynaptic (Fig. 3A) and clearly did not colocalize with PSD-95-labeled excitatory synapses (Fig. 3B ). In the majority of spiny pyramidal-type cells that expressed Pcdh-␥s, however, the molecules localized to some, but not all, synaptic junctions. For example, staining for Pcdh-␥s was punctate on dendritic surfaces (Fig. 3D ) and double label with PSD-95 revealed that some of the Pcdh-␥-positive sites were synaptic (Fig.  3D-F, arrowheads) . Other Pcdh-␥-positive clusters did not contain PSD-95 (Fig. 3 D, F , single arrows), and many PSD-95-positive synapses did not contain Pcdh-␥s (Fig. 3E,F, double arrows) .
Because high levels of Pcdh-␥s were expressed in inhibitory interneurons, we suspected that they may also be localized to interneuron-pyramidal cell inhibitory synapses. To investigate this, we examined Pcdh-␥-positive excitatory neurons for the presence and colocalization with GADpositive inhibitory terminals (Fig. 3G-I ). We found that most GAD-labeled inhibitory terminals (Fig. 3I, arrowheads) , which are characteristically larger than excitatory terminals (Brunig et al., 2002) , did not colocalize with Pcdh-␥s (Fig. 3I, arrows) . Thus, we conclude that both excitatory and inhibitory synapses can exist without incorporating Pcdh-␥s. This result contrasts with studies of classical cadherins which show that these molecules are required for synaptogenesis (Togashi et al., 2002) ; however, Pcdh-␥-positive synapses, when found, are most likely to be of the excitatory type.
Individual Pcdh-␥-positive excitatory cells were evaluated for the extent of Pcdh-␥-positive, PSD-95-labeled synaptic sites. Because, in many cases, Pcdh-␥-positive excitatory neurons were observed in isolation, it could be that the lack of synaptic staining observed in isolated neurons results from the absence of another Pcdh-␥-positive neuron with which to form a synapse. To take into account this possibility, we also searched for Pcdh-␥-positive excitatory cell pairs and counted the percentage of Pcdh-␥-positive PSD-95-labeled synaptic sites. We found that the number of Pcdh-␥-positive synapses in isolated neurons (26 Ϯ 11%) was less than that in pairs of Pcdh-␥-positive neurons (63 Ϯ 23%; one-tailed t test; p Ͻ 0.001).
The increased recruitment of Pcdh-␥s to synapses in Pcdh-␥- positive cell pairs is exemplified in Figure  4 . Pcdh-␥ labeling in isolated neurons (Fig. 4 , green channel), albeit punctate, mostly did not colocalize PSD-95 (Fig. 4 , red channel), although Pcdh-␥-positive synapses were occasionally noted (Fig. 4G,  arrowheads) . On the other hand, when Pcdh-␥-positive excitatory cell pairs were evaluated, broad dendritic areas of Pcdh-␥ colocalization with PSD-95 were noted (Fig. 4 B, arrows) . At higher magnification, it was found in these pairs that most of the PSD-95-labeled synaptic sites were also positive for Pcdh-␥s (Fig. 4 H,  arrowheads) . Thus, recognition events across the synaptic cleft may promote the recruitment and retention of Pcdh-␥s to subsets of excitatory synaptic junctions. Adhesion molecules such as the classical cadherins (Yamagata et al., 1995; Fannon and Colman, 1996; Uchida et al., 1996; Inoue and Sanes, 1997 ) are known to be highly concentrated at synaptic junctions, but it has never been determined whether two different families of cadherin-related molecules can coexist at the same synaptic sites. We sought to determine whether Pcdh-␥s could coexist with a member of the classical cadherin family, N-cadherin, at the same synapse in hippocampal neurons. Hippocampal neurons were double labeled with antiPcdh-␥-cyto and a monoclonal antibody to N-cadherin. Shown in Figure 5 is one Pcdh-␥-positive excitatory neuron that exhibits both Pcdh-␥-positive (Fig. 5A) and N-cadherin-positive (Fig. 5B) synaptic sites. Overlay of the images (Fig. 5C) shows that the two molecules colocalize to a large extent and at higher magnification (Fig. 5D ) they can be seen residing at the same synaptic sites (Fig.  5D, arrowheads) . Many other synapses contained N-cadherin but not Pcdh-␥s. Thus multiple adhesive/recognition systems involving cadherin-related proteins can operate at an individual synaptic junction.
Pcdh-␥s are expressed at subsets of synapses and intracellular organelles
The immunolocalization of Pcdh-␥s in hippocampal neurons suggests that these molecules are located in synapses, but a significant proportion of Pcdh-␥s was also nonsynaptic, as was shown recently (Wang et al., 2002b) . We conducted immunogold labeling for Pcdh-␥s in adult hippocampal tissues to more precisely localize Pcdh-␥s in cellular structures. Hippocampal tissues were embedded by freeze substitution (van Lookeren Campagne et al., 1991) , and ultrathin sections were incubated with anti-Pcdh-␥-cyto followed with 10 nm gold-conjugated secondary antibodies.
Strong Pcdh-␥ immunoreactivity was found on a subpopulation of tubulovesicular structures within some excitatory presynaptic terminals (Fig. 6 A, B, arrowheads) . These tubulovesicular structures were ϳ50 -200 nm in diameter and clearly distinct from synaptic vesicles (Fig. 6 A, inset) . Curiously, the strongest presynaptic labeling for Pcdh-␥ occurred in closely associated groups of presynaptic terminals (Fig. 6 A) . These results suggest the possibility that these Pcdh-␥-positive terminals may represent branches of the same axon originating from a Pcdh-␥-positive neuron. The synapses formed by these Pcdh-␥-positive terminals did not appear to be of the symmetrical type expected to exist at terminals of inhibitory interneurons, however. Rather, these Pcdh-␥-positive terminals formed asymmetrical, excitatory synapses. We also found strong Pcdh-␥ labeling in some excitatory synaptic junctions (Figs. 6C-E, 7C,F ) . Labeling was observed on both presynaptic and postsynaptic densities or within the synaptic cleft, suggesting that Pcdh-␥s, when present on the cell surface, mediate interactions between two plasma membranes. At times, Pcdh-␥ immunolabeling was concentrated at specific zones within a synapse (Fig. 6C, arrows) , where electron-dense material attached at the PSD (Fig. 6C, arrowheads) . Many synapses were unlabeled (Fig. 6 A, B) .
In addition to tubulovesicular structures in axonal endings, we found labeling of similar structures in dendritic profiles as well (Fig. 7A-D, arrowheads) . Pcdh-␥-positive tubulovesicular structures in dendrites were of similar size (50 -200 nm) to those found within axonal endings. Labeling for Pcdh-␥s was also present to some extent on nonsynaptic plasma membranes ( 7D-F, single arrows) and tended to label both opposed membranes as would be expected for a molecule engaged in cell-cell interactions. Thus Pcdh-␥s are present on multiple membrane surfaces in CNS neurons, which may reflect a dynamic process of transport of these molecules, insertion into synaptic or nonsynaptic membranes, and possibly retrieval by endocytosis.
Subcellular fractionation was performed to confirm our observations of Pcdh-␥ localization by immunostaining. Individual membrane, vesicular, and synaptic fractions were prepared, and equal protein amounts of each fraction were electrophoresed, transferred to membranes, and probed with anti-Pcdh-␥-cyto. The enrichment of Pcdh-␥s in each fraction was compared with that of N-cadherin. Dynamin, the kinesin heavy chain, and synaptophysin were used as marker proteins for the fraction enriched in presynaptic material, intracellular transport vesicles, and synaptic vesicles, respectively. PSD-95 served as a marker for postsynaptic densities (Cho et al., 1992) , whereas N-CAM was a marker for the fraction of proteins initially present in synaptic membrane but not associated with detergent-insoluble synaptic junctions (Phillips et al., 2001 ).
In the membrane fractions (Fig. 8, left panels) , both Pcdh-␥s and N-cadherin exhibited a similar pattern of enrichment in the various fractions. Relative to the postnuclear supernatant starting material (Fig. 8, PNS) , both proteins were enriched in the P2 and LP1 fractions, which are synaptosomes and osmotically shocked synaptic membranes, respectively (Huttner et al., 1983) . There was a significant representation of both Pcdh-␥ and N-cadherin in the P3 fraction as well as the LP2 fractions, which are composed of tubulovesicular and synaptic vesicles, respectively (Lee et al., 2001 ). These results suggest that Pcdh-␥ and N-cadherin are both associated with synaptic membranes as well as transport and, to a lesser extent, synaptic vesicles. The localization of N-cadherin to different types of transport and synaptic vesicle fractions is in agreement with previous findings (Zhai et al., 2001) . In contrast to the enrichment patterns of Pcdh-␥ and N-cadherin, the kinesin heavy chain was enriched in the P3 fraction relative to other fractions, demonstrating the relative abundance of transport vesicles in this fraction.
In contrast to N-CAM, Pcdh-␥ and N-cadherin were both not highly represented in the Triton X-100 extractable material at pH 6 (Fig. 8, pH 6 sup) and were found primarily in the Triton X-100 insoluble material at pH 6, which is composed of intact synaptic junctions (Fig. 8, pH 6  pel) . When the junction fraction is reextracted with Triton X-100 at pH 8, many presynaptic components such as dynamin (Fig. 8, pH 8 sup) are solubilized. A significant proportion of both Pcdh-␥ and N-cadherin was released under these conditions (Fig. 8, pH 8 sup) . A large fraction of Pcdh-␥ and N-cadherin was also found in the Triton X-100 pellet at pH 8 (Fig. 8,  pH 8 pel) , which is composed of postsynaptic densities (Phillips et al., 2001 ) and highly enriched in PSD-95. Dynamin and kinesin were both relatively absent from the postsynaptic density fraction. Thus, these results show that Pcdh-␥s cofractionate with presynaptic and postsynaptic material but are also found within transport and synaptic vesicles.
Discussion
Molecules that mediate the specification of different classes of synapses are most likely differentially expressed in neuronal populations and probably couple an intracellular signaling function either directly or indirectly to extracellular recognition among synaptic membranes. The clustered Pcdhs are a family of molecules that could potentially fulfill these criteria. These proteins were shown recently to be expressed differentially within a neuronal cell population (Kohmura et al., 1998; Wang et al., 2002b) and to mediate, in some cases at least, cell-cell adhesion (Obata et al., 1995) . We now show that the Pcdh-␥s are synaptic molecules that are unlikely to be required for the initial stages of synaptogenesis, as are the related classical cadherins. We also show that, when present on the cell surface, these molecules are targeted to opposing membranes at synapses or they are on nonsynaptic plasma membranes, suggestive of a role in cell-cell interactions. Furthermore, our data also suggest that a proportion of Pcdh-␥s are located in putative sorting and endosomal vesicles both presynaptically and postsynaptically. From these vesicles, Pcdh-␥s could be inserted and retained at the synapse and could modify that synapse, if the appropriate trans-synaptic Pcdh-␥s adhesive linkage is attained. Alternatively, Pcdh-␥s that do not engage in adhesion at the synaptic membrane may be endocytosed and recycled internally.
The possibility exists that the Pcdh-␥s perform functions in addition to their role as cell adhesion molecules. The evidence for this comes from the fact that the related Pcdh-␣s (known as cadherin-related neuronal receptors or CNRs in human) were shown to interact in vitro with the extracellular matrix protein reelin (Senzaki et al., 1999) . The binding site for reelin was localized within a 29 amino acid region of the first extracellular domain (EC1) of Pcdh-␣s that is almost completely conserved among all Pcdh-␣ family members. Within an analogous region of the Pcdh-␥ EC1 domain, there is also a highly conserved region that bears some similarity to the reelin binding site within the Pcdh-␣s (Wu and Maniatis, 1999) . Thus, it is possible that the Pcdh-␥s will posses the same reelin-binding activity as the Pcdh␣s. Coincidentally, both reelin and Pcdh-␥s appear to have similar expression patterns in cultured hippocampal neurons. Both molecules are expressed primarily in GABAergic interneurons in culture (Scotti and Herrmann, 2002) , with a subset of pyramidaltype cell also positive. The intracellular localization of the Pcdh-␥s in these GABAergic cells suggests the possibility that Pcdh-␥s could be involved in delivering reelin to the cell surface. Thus, it will be interesting to determine whether the similar expression patterns of reelin and Pcdh-␥s in cultured hippocampal neurons is reflective of a functional interaction between these two molecules in vivo.
By immunoelectron microscopy, we found that in addition to synapses, Pcdh-␥s are located in intracellular tubular organelles of ϳ75 nm in diameter that are present in both axonal and dendritic compartments. The morphology of these tubules is consistent with the endocytic tubular organelles that were seen to be distributed throughout the axonal and dendritic compartments (Cooney et al., 2002) . Extracellularly applied transferrin or gold particles were able to be taken up into these structures, thus demonstrating an endosomal function (Parton et al., 1992; Cooney et al., 2002) . It is also likely that these tubules mediate recycling of cell surface or synaptic proteins back to the plasma membrane on the basis of the fact that clathrin-coated buds can oftentimes be found on them (Cooney et al., 2002) . The presence of Pcdh-␥s in these organelles suggests that they may be dynamically inserted and recycled at synaptic membranes.
There is some evidence that the Pcdhs, and the ␥ family in particular, mediate cell-cell interactions, but whether these mol- Figure 6 . Pcdh-␥s are found in tubulovesicular organelles in axonal endings and at synapses. Hippocampal tissue was prepared for immunoelectron microscopy by freeze substitution embedding. Sections were incubated with anti-Pcdh-␥ affinity-pure antibodies and 10 nm gold-conjugated secondary antibodies. Labeling was observed in two distinct patterns. In some cases, groups ( A) or individual presynaptic terminals ( B) were positive for Pcdh-␥s (A, B, arrowheads). Tubulovesicular presynaptic organelles positive for Pcdh-␥s (A, inset, arrowheads) were clearly distinct from synaptic vesicles (A, inset, arrow). The Pcdh-␥-positive groups of terminals may correspond to axon branches from the same Pcdh-␥-positive neuron. C-E, Pcdh-␥ labeling was observed at a subset of synaptic junctions. High concentrations of Pcdh-␥s were sometimes found at specific zones within a synapse (C, arrows). At these zones, filaments were found to terminate at the PSD (C, arrowheads). ecules are homophilic or heterophilic molecules is unknown (Obata et al., 1995) . The classical cadherins are generally homophilic adhesion molecules, but some reports have shown that certain classical cadherins can interact heterophilically, although the strength of heterophilic interactions appears to be weaker than that of homophilic interactions (Shimoyama et al., 2000) . The specificity of cadherin-based cell adhesion cannot be predicted from primary sequence alone, because the residues required for selective adhesion of classical cadherins map to a broad surface on the first extracellular domain of the classical cadherins (Shapiro et al., 1995) . However, the large number of Pcdh molecules suggests that these proteins are homophilic, or at least selectively heterophilic. Our data showing that Pcdh-␥s are not found at every excitatory synapse and that their synaptic localization is increased in Pcdh-␥-positive excitatory neuron pairs in cultures are consistent with the hypothesis that these molecules are homophilic molecules in that they may be unable to form trans-synaptic linkages at some synapses because the appropriate "matching" Pcdh-␥ is not displayed on presynaptic and postsynaptic membrane surfaces.
Multiple families of adhesion proteins contribute to the formation of a transcellular scaffold at synapses that is stable and resistant to detergent solubilization (Phillips et al., 2001) . Our studies showing existing synaptic junctions in the absence of Pcdh-␥s suggest that these molecules may not be strictly "structural" adhesive molecules required to hold synaptic membranes together. It may be that one or a combination of molecules such as the classical cadherins , the neurexins and neuroligins (Scheiffele et al., 2000) , the nectins , or the ephrins and Eph receptors (Dalva et al., 2000; Takasu et al., 2002) form a "generic" synaptic adhesive scaffold, present at most if not all synaptic junctions, which holds the basic and required synaptic machinery on both sides of the synaptic cleft in alignment. These adhesion molecule families appear to interact with or regulate the basic machinery known to be present in most if not all excitatory synapses. For example, events in synaptogenesis, including the organization of synaptic vesicles and postsynaptic densities, were disrupted by agents that disturb the formation of a classical cadherin trans-synaptic linkage (Togashi et al., 2002) or neurexin/neuroligin interactions (Scheiffele et al., 2000) , and clustering of NMDA receptors and recruitment of other synaptic components was shown to involve ephrin/EphB receptor interactions (Dalva et al., 2000; Takasu et al., 2002) . Thus, unlike the Pcdh-␥s, and possibly all Pcdhs, at least some of the above-mentioned molecules may be absolutely necessary for assembly of the trans-synaptic adhesive scaffold. The concept that Pcdhs are "late" modifiers of CNS synapses is supported by the recent finding that after targeted deletion of the Pcdh-␥ locus in mice, which causes embryonic degeneration and apoptosis, synaptic junctions are clearly formed with abundant and correctly localized synaptic vesicles and presynaptic and postsynaptic densities (Wang et al., 2002b) .
The differential expression of Pcdhs in neurons (Kohmura et al., 1998; Wang et al., 2002b) , their proposed homophilic adhesive activity, their localization at subsets of synapses and intracellular compartments, and their requirement for postnatal neural development (Wang et al., 2002b) suggest a model for the Pcdhs as modifiers of certain synaptic connections. In this model, Pcdhs are actively sorted in neurons among endosomal compartments and plasma membranes. If Pcdhs are primarily homophilic molecules (as the divergence in their extracellular domains would suggest), then a Pcdh trans-synaptic linkage could only be formed at synapses between two cells that express the same Pcdh. Many synapses would not contain a Pcdh linkage because two neurons forming a synapse may not express adhesively compatible Pcdhs (Wang et al., 2002b) . As a consequence of the formation of a homophilic interaction at a synapse, Pcdhs recruited to the junction may also recruit other signaling or structural components via interactions with their constant cytoplasmic domains. Thus, it is tempting to speculate that the Pcdhs may specify a certain subset of synaptic connections formed only among cells that only express the same Pcdh. A Pcdh "marked" synapse would therefore contain additional components and possibly exhibit different physiology or stability, relative to those that do not contain Pcdhs. . Pcdh-␥s cofractionate with synaptic components and intracellular membranous material. Postnuclear (PNS), crude synaptosomal (P2), large tubulovesicular organelles (P3), osmotically shocked synaptosomes (LP1), and synaptic vesicles (LP2) were prepared from adult cortices (Huttner et al., 1983) . Triton-extracted nonsynaptic (pH 6 sup), intact junctional (pH 6 pel), presynaptic (pH 8 sup), and postsynaptic (pH 8 pel) fractions were generated using the LP1 fraction as starting material (Phillips et al., 2001) . Pcdh-␥s were enriched in the LP1 fraction relative to PNS starting material, indicating a synaptic association of these molecules. They were also found within the P3 fraction and, to a lesser extent, in the LP2 fraction. In contrast, synaptophysin was enriched in the LP2 fraction, and the kinesin heavy chain was enriched in the P3 fraction. When LP1 was sequentially Triton extracted, Pcdh-␥ originally found in intact synaptic junctions (pH 6 pel) was divided into presynaptic and postsynaptic fractions containing Pcdh␥s. In contrast, synaptic junctional dynamin was found primarily in the presynaptic fraction, whereas PSD-95 was found primarily in the postsynaptic fraction. N-CAM was mostly found in the nonsynaptic fraction (pH 6 sup) originally derived from synaptic membranes.
